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\ ABSTRACT

electric motor through a gearbox.

\ Adaptive compliance control of a single robotic joint was studied to control the
amount of torque applied on an object by an end effector, which is actuated by an
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. For this reason, an adaptive control system was designed. Variation in stiflness and
compliance was observed by simulating the system with MATRIX, package program.
. After observing theoretical variation of the stiffness and the compliance, experiments
were done to observe and prove the stiflness control theory.
The proved theory was then applied to a robotic finger joint actuated by a small
DC motor.
|
I
|
|
| [ ]
|
| J
- i




LLL)

TABLE OF CONTENTS

iv

L INTRODUCTION .. i e ettt it et 1
I1. THEORY OF STIFFNESS AND COMPLIANCE CONTROL ............ 6
A. POSITION CONTROL SYSTEM AND STIFFNESS OF A SYSTEM . 6

1. Standard Position Control systent: .. ..........v v rnnn. 6

2. Effectofloadinertia: .......... .00t 13

3. Analysis of the servo system: . .........tttiiiiinnnnnenannn 16

4. Disturbance effect on the position control system: ................ 17

B. COMPLIANCE CONTROL STRATEGY ............. i, 23

1. Description of how stiffness may be changed: ................... 23

2. Stiffness asa functionofgainE. ........... ... .. ... ... .. ... 25

C. EFFECT OF EFFICIENCY OF A GEARTRAIN: ................. 26
III. SYSTEM PARAMETER IDENTIFICATION ........... ... .. ..., 35
I. Torsional pendulum experiment: ............ ... ... 41

2. Speed-Torque Experiment: ......... ... 00ttt iiiinnnnenen.. 43

IV. COMPUTER SIMULATIONS ... i i cie e 50
V. EXPERIMENTAL STIFFNESSCONTROL ......... .. ... ... oo, 58
A. NATURAL STIFFNESS OF THE SYSTEM. ....... .. ... ... o0 58

B. STIFFNESS TEST. ... i et et e e e 58

C. STIFFNESS VARIATION EXPERIMENT ... ... it 62
VI. ADAPTATION OF STIFFNESS CONTROL TO FINGER SYSTEM. .... 67
VI DISCUSSION . e e e e e i e s 75
A. MODELINGOF THE SYSTEM: ... i 75

B. VARIABLE STIFFNESS CONTROL: ........ .. ... oo, 75

C. APPLICATION TO ROBOTIC FINGER SYSTEM: ................ 78




i

VIII. CONCLUSIONS i i i it i et it e st e e e 79

APPENDIX A.  ME3802 LABORATORY EXPERIMENT 2 DC SERVO

SYSTEM-SPEED CONTROL .. ... i i 80
A, OBJECTIVES ... .. i 80
B. EQUIPMENT : ... 80
C. METHOD ... i i i i e 80

LISTOF REFERENCES ... .. i e i i e 92

INITIAL DISTRIBUTION LIST ... e i 93

BIBLIOGRAPHY .. e 94
v




LIST OF TABLES

Table 1. EXPERIMENTAL DATA. ... ... . i, 64
Table 2. EXPERIMENTAL RESULTS. ... ... .. . i, 66




Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figurc
Figure

Figure

LIST OF FIGURES

1. Tendon Cord Controlled End Effector. ......................... 2
2. Direct Drive End Effector ...... ... . i, 4
3. Standard Position Control Svstem. ...ttt 7
4. A DC Motor a) Wiring Diagram b) Sketch. .................... 10
5. Block Diagram of Field Controlled DC Motor. .................. 12
6. Block Diagram of Armature Controlled DC Motor. ............... 13
7. Free Body Diagram of DC Motor. .......... ... .. .. 14
8. Electrical and Miechanical Part of the System. ................... I8
9. Position Control SYStem. .. ...ttt e e 19
10. Free Body Diagram of a Torque Applving End Effector. ........... 20
11. Free Body Diagram of Motor Shaft With Gear Box and Disturbance. . 21
12. Position control system with disturbance. ................ ... ... 22
13. Position Control System With Disturbance Feedback. ............. 24
14. Compliance Variation of a Servo System.  ...............cvv... 27
15. Stiffness Variation of a Servo System. ...........c.iiiireeennn. 28
16. Transition of the Disturbance Torque to the Motor. .............. 30
17. Stifness Variation of a Servo System (nonbackdriveable). .......... 32
18. Compliance Variation of a Servo System (nonbackdriveable). ....... 33
19. Position Control System Including Efliciency and Backdrivability. .... 34
20. Feedback ES151 Educational Servo System. .. ..., 36
21. LEducational Servo Unit. . ... o i i i e 37
22. Block Diagram of Educational System As a Standard Position Control
SUSTRIML. Lt ittt e e e e e e e 38
23. Block Diagram of Position Control System. .................... 40
vii




Figure
Figure
Figure
Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

24, Torsional Pendulum. ........ ... 0 i i e i 43
25. Open Loop Speed Control System. ... .. vviiin i, 44
26. Speed-Torque Curve. ... it i i 47
27. Power and Control Amplifier Block Diagram .................... 48
28. Experimental Spced-Torque Curve. ..........cvvitviinrennnn.. 49
29. The Block Diagram of the Model With Unity Gear Ratio and Without
Feedback From the Disturbance Torque. ....................... 52
30. Step Response of the Motor Shaft, .......................... 53
31. Step Response of the Motor Shaft, .......................... 54
32. Experimental Position Control System With E=1& K=0. ......... 57
33. The Stiffness Curve of the Rubber Band. ....................... 60
34. Application of the Rubber Band to the Motor Shaft. ............. 61
3S5. The Stiffness Variation Test. . ............ 000, 63
36. The Stiffness Curve. .. ... v ittt i it e e 65
37. MII5L61 Electric Motor. ...ttt i i e, 68
38. The Finger Joint System Block Diagram. ...................... 70
39. The Finger Joint Simulation, ........ ...ttt 71
40. Variation of the Stiffness in the Finger Joint System. ............. 72
41. The Finger Joint System. . ...ttt 73
42, Deflectionof the Beam. .........c.tiiinine .. 74
43. Comparison of Theoretical and Experimental Stiffness Variation ..... 77
44. Position Control System Block Diagram ....................... 81
45. Open Loop Specd Control Block Diagram ...................... 82
46. Equipment Configuration ............ivtiiiinnneernnnnneen. 84
47. Equipment Configuration ............... ittt 85
48. Equipment Configuration ...........c0tiiiiniiinrerennnnnen, 86
49. Equipment Configuration . ...........iiiitiitiiiiie. ., 87
50. Equipment Configuration ........c..iiii i 88
viid




Figure SI. Qutput Speed ... i s
Figure 52. Time Constant Calculation ............0tiuiiiieneerineninn

Figure 53. Equipment Configuration . ..........c.ouvivniiuoneneneonons

X




ACKNOWLEDGEMENT

I wish to express my sincerest gratitude to my advisor, professor Morris R. Dricls,
for his unscliish giving ol his time and knowledge in support of this rescarch.

I also want to thank my parents, Rukive and Tbrahim Turkgenci, my sister, Serap,
my brother, Cengiz, for their encowragement and for their support during these past two

and a half vears.




I. INTRODUCTION

One of the most important problems in robotics is the design of a dextrous end
effector. A dextrous end effector is a kind of gripper or a tool that enables a robot to
hold or handle different kinds of objects easily and skillfully, like a human being. Dif-
ferent techniques can be used to give that kind of ability to the end effector. Two of
those techniques are direct drive and indirect drive. In indirect drive, the fingers of the
dextrous end effector will be driven by tendon cords which are actuated by electric mo-
tors installed into the arm. In direct drive, the {ingers are actuated by electric motors
installed directly into the finger itself. Unfortunately, many actuators are best suited to
rclatively high speed and low torque, therefore they require a speed reduction system
which is usually a gearbox.

In todayv’s automated machinery, reliability is an important factor. Since reliability
decreases with increasing complexity, it is better to try to keep the end effector simple
n both its design and function. The main source of complexity in dextrous hand design
comes from the finger joints. In Figure 1, tendon cord controlled dextrous end effector
is shown. As can be seen from the figure, pulleys and the tenden cords used to actuate
the fingers presents a considerable amount of complexity.

In a tendon cord design, the designer must consider the tension of each tendon, since
any slack will cause a problem. After gripping an object, the power on the tendon cords
must be kept to maintain a grasp on the object. Another problem will be the weight of
the hand. Since the weight of the hand and the arm is increased by a tendon cord and
pulley svstem, this will cause problem in arm joint (clbow) and shoulder joint designs.

By using a direct drive method in the finger joints, the difficulties listed above can

be overcome to some extent. By installing DC servo motors directly to the finger joints
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Figure 1.  Tendon Cord Controlled Fnd LEffector.

as shown in Iigure 2, the finger links can be moved without tendons. The weight and
Keeping the power on alter the grip will not be a problem. 1 the motor drives the joint
through a high ratio gearbox, power mayv be removed from the motor, and the small
amount of armature friction will prevent the motor from being backdriven. This means
that a grasp is maintained with power removed. Since the complexity of the joint will
be less, the reliability of the system will be higher. By using a gearbox to transmit the

motor torque and installing the actuators directly into the finger, this system provides




torque multiplication and increased position resolution which are very critical properties
in the successful design of robot joints.

Although having a joint nonbackdriveable is an advantage, there are disadvantages,
for example in handling delicate objects where a relatively large compliance in the finger
joint is desirable.

In a finger joint a direct drive elcment must therefore carry out two tasks. 1. It
should be able to bring the joint to the desired position, and 2. after contact with an
object it must provide cnough grip to hold or to manipulate the object without breaking
it.

Therefore our system must have two characteristics. It must provide position control
and necessary torque without breaking the object. While position control is enough to
provide a desired trajectory, when contact is made between the end cffector and the ob-
ject, position control mayv not be suflicient.

Contact force applicd on an object will be the major problem with the direct drive
end effector. The contact force applied by a direct drive end effector on an object will
be decided by the stiflness of the servomechanism used to actuate the joint. Usually
scrvomechanisms have high natural stiffness due to the high gear ratio. This may cause
some problems when manipulating fragile objects. This problem may be overcome by
changing the stiflness of the system for certain tasks. Stiffness of the servo system will
be defined as

T4

E— . (r.n
Where t,= the disturbance torque applied to the output shaft and 6, = the angular
displacement of the output shaft. By changing the stiflness of the system, torque applied

on the object can be controlled. The inverse of stifTness, namely




Figure 2. Direct Drive End Effector

=2 (1.2)

will be defined as compliance of the system.
The purpose of this rescarch is to design a simple systemn that will provide both po-
sition control and torque control, and by changing the stiffness of the servo system to

be able to control the applied torque on the grasped object.




The thesis consists of cight chapters. Following the introduction, chapter 2 presents
the theory of stiffness and compliance control. The third chapter is devoted to system
parameter identification of the experimental system. Simulation results of system re-
sponse are prescnted in chapter four. The fifth chapter is devoted to experimental
stiffness control of the system while chapter six discusses the adaptation of stiflness
control to a prototype finger configuration. Following the discussion chapter, conclu-

sions are presented.




H. THEORY OF STIFFNESS AND COMPLIANCE CONTROL

Interaction betwecn objects and the end effector presents a much more complicated
problem than position control. When an end effector is moving in a frec space, there
isn't any constraint, namely it does not touch any object that’s going to constrain its
motion. When it has contact with an object, a new variable defined as a disturbance

must be added to the system.

A. POSITION CONTROL SYSTEM AND STIFFNESS OF A SYSTEM
1. Standard Position Control system:

The object in a position control system is to control the angular position of the
output shaft. The desired position of the output shaft is achieved by a voltage that has
been generated by means of a potentiometer, as shown in the block diagram in
Figure 3. The angular position (0,) of the potentiometer generates a proportional bipolar
voltage according to the potentiometer’s transfer function ( k,, ,volts/radian). This
voltage is compared to the achieved position of the load or output shaft of the motor
as measured by another identical potentiometer. An error voltage is generated by sum-
ming these two voltages. Usually after passing through an amplifier, this voltage drives
the motor. This amplifier’s gain is usually called the forward path gain of the syvstem
(k,). The angular velocity of the motor shaft is obtained after the applicd voltage is
passed through the motor. Following the motor, there is usually a gear box. Dividing
motor shaft’s angular velocity by the gear ratio, the angular velocity of the motor’s
output shaft velocity is obtained. Since differentiation of the position gives the velocity,
by integrating the angular velocity, angular displacement of the output shaft can be ob-
tained. This angular displacement of the output shaft is fed back to the system to achieve

desired position.
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Figure 3.

Standard Position Control System.
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In the block diagram following constants are used.
K, = Motor constant (rad:sec volt)
k.= Potentiomecter constant (volt'rad)
T.,= Mechanical time constant (sec)
k, = Forward path gain

N

Gear ratio

In position control systems, different Kinds of electrical motors can be used,
although a DC motor has been used in this research. The DC motor is a power actuator
device that delivers energy to a load. DC motors rotate due to the interaction of two
magnetic fields, onc in the stator, one in the rotor. The rotational speed may be varied
by controlling the strength of one of these fields. The input voltage can be applied to
either the field or the armature terminals. The air-gap flux of the field current is pro-

portional to the ficld current. So that

¢ = Kjif 2.1)

K, = Ficld constant
i; = Field current
The torque developed by the motor is assumed to be related linearly to ¢ and

the armature current as follows

T = Kiig(t) = Ky Kif)ig(0) (2.2)

7, = Motor torque

i, = Armature current
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In order to have a linear clement one current must be maintained constant
while the other current becomes the input current. Two kinds of motor can be defined
based on this principle, field controlled motor and armature controlled dc motor, as
shown in Figure 4. By taking Laplace, transform of equation (2.2) the following

equation is obtained.
Tls) = (Ki KAIAS) = Krlfs) (23)

Where K; = Motor constant (\Nm'amp)

The field current is related to the field voltage as

V(s) = (Re+ Lys)I(s). (2.4)

V, = Field voltage

L, = Field inductance
The motor torque is equal to the torque delivered to the load. This relation may

be expressed as

T,(s) =Ty (s) + TAs), (2.5)

T, = Load torque.
T, = Disturbance torque.

The load torque for rotating the inertia shown in Figure 4 is written as

T, (s) = Js*0(s) + f30(s). (2.6)
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Figure 4. A DC Motor a) Wiring Diagram b) Sketch.

Rearranging equations (2.3), (2.4) and (2.5}, the following equations may be

obtained,

Ty () = Top(s) = Tls). (2.7)

Tols) = Kpl(s) 28)
1'(s)

Is) = == (2.9)

Therefore, the transfer function of the motor-load combination will be as (ol-

Jows

10
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The block diagram of the field controlled dc motor is shown in Figure 5.
Alternatively, the transfer function may be written in terms of the time con-

stants of the motor as

Kr
O(s) B SR, .
FAs) N st + 1)(ps +1)

(2.11)

i )
where 7, == and 1, ==

k; s

Since usually 7, > 7, the field time constant may be neglected.
The armature controlled dc motor utilizes a constant field current, therefore the

motor torque may be written as by
Tn(s) = (Ki Kl 1o(s) = Kpl(s). (2.12)

The armature current is related to the input voltage applied to the armature

Va(s) = (R + Las)la(s) + V(s), (2.13)

where I’,(s) is the back electromotive-force voltage proportional to the motor speed.

Fy(s) = Kyw(s), (2.14)

hence
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Figure 5. Block Diagram of Field Controlled DC Motor.

1 (8) = Kyo(s)

) =R, ¥ L9

(2.15)

‘The same load torque cquations, (2.0), (2.7) will be valid for armature control

also. The rclations for the armature controlled dc motor are shown in the Figure 6.

The transler function of armature controlled dc motor will be as follows

O(s) Ky

Ves) ~ sL(Ra + Las)Us + /) + KoKqd

(2.16)

. L, . -
For many dc motors, the time constant of the armature, t, = —=, is negligible.

The resultant translcr function will be as follows

J

[
O~ (RS* Kphy)
b)) s(es+ 1)

R,J

where the time constant 1, = —(m
b8%m

?

R,’

(2.17)
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Figure 6. Block Diagram of Armature Controlled DC Motor.

2. Effect of load inertia:

A study of the free body diagram of the motor, gearbox and the load will be
helpful to write the equation motion of the mechanical part of the dc motor in
Iigure 7.

Since the armature inertia and the viscose friction have to be overcome, all of
the torque generated (r,) is not available at the gearbox input shaft. The general

cquation of motion of a torque gencrating system may be written as

Zr, = Jb. (2.18)
I=

Considering the gearbox ratio N> 1 the cquation of the motion can be written as follows

For the motor shalt



Figure 7.  Free Body Diagram of DC Motor.

Ty — T — C](Ul == Ja(l)l

For the load shaflt

Ty — CL(02 = Jl_d)2

I'or the gearbox

(2.19q)

(2.190)
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Referring all variables to the motor shaft gives:

g

~

]
» o~
SE

Tz = .’\T]

= Motor torque

= Armature inertia

= Load incrtia
= Motor shaft angular acceleration
= Motor shaft angular velocity
= Qutput shaft angular accelcration

= Qutput shaft angular velocity

= Motor shaft damping

Output shaft damping

2 .
Tm = €10 — 7 = J,0,
JL(()Z C2(1)2
T,,,——\.——C,w, "T=
JL(')l C:(,Ul
T — - - C]CU] -~
N N,

Resulting in the final equation

J
1, =(J, +—\f’2'—)w, o +—=

{

= J, 0,

(2.19c¢)

(2.23)

In the equation of motion there is an important property that has to be noticed.

The effect of the gearbox reduces the load inertia and load shaft damping factor by N2




This mecans that, by using a gearbox we may apply less torque to the motor shaft to
accclerate the load on the output shaft. Another interesting eflect of the equation can
be seen. when the torque is applied to the output shaft to turn input shaft. Then fol-

lowing equation will apply: .
T = (LN + Ty + (6, N + ¢, (2.29)

In this equation, the effect of input shaft’s inertia will increase by N? . As a result of this
effect, it will be easier to turn the system in the figure by applving torque on input shaft
rather than on output shaft. This is one of tlic important properties used in control
syvstems design to reject disturbances.
3. Analysis of the servo system:
Torque generated by the armature is lincarly related to the current applied.

Torque generated by the armature is given by
1, = Kyl,. (2.25)

Here K; is the motor torque constant with units Nm amp. This gencrated torque ac-
celerates the motor armature itself and an external load. It also overcomes viscous
damping torque and anyv extcrnal load torque.

As demonstrated, in the preceding section of the chapter, the load inertia rather
than motor inertia may be neglected, if N > > 1. The transfer function from motor
torque 7, to output angular velocity , is obtained by taking the Laplace transform of

equation (2.24) and re-arranging in the form.

1

Lo
z Js+ ¢




Where J is the total inertia referred to the motor shaft and c is the total damping referred
to the motor shaft. Both the mechanical and clectrical part of the motor gearbox com-
bination can be seen in Figure 8. The complete position control system block diagram,
is now shown in Figure 9.

The close loop transfer function of the system becomes

6, K
= L (= Kwm + ke =Bk} (2.27)
i

Ns(Js+¢) = R,

Using w,, = Ns0,, the transfer function of the svstem can be written as:

8, K
e = K (2.28)
LOINS 4 (eN + TT kyNR)s + K

: K.k,
where K = k,-——R——

4. Disturbance effect on the position control system:

The main variable in stiflness and compliance control of a servo mechanism is
the torque applied on the object. This torque must be adjusted according to the dis-
turbance torque sensed from the object. When an end effector applies a torque on the
object, the object will apply a reaction torque on the end effector. This will cause a dis-
turbance effect on the system. In Figure 10 a sketch of an end effector applying torque
on an object and the objcct’s reaction torque are shown. This disturbance torque will
have a braking effect on the output shaft. The analysis of the system may proceed in the
same manner identical to before, except that the equation of the load shaft will be
modificd due to the disturbing torque 1,

Considering the disturbance torque and gear box eflects as shown in

Figure 11, the equation of motion of the system may be written as follows

17



Js+c¢

Figure 8. Electrical and Mechanical Part of the System.

> 4= Ji. (2.29)

i=1

T4

Jy .. €,
mT N T (Ja + —1\-7 )i + (¢ + 'F YO (2.30)

An equation may be written considering total incrtia and damping of the sys-

tem.
rm—-x,-=Ju'),,,+cwm (2.31)

7, = Disturbance torque

w, = Motor shaft's angular acccleration

18




Figure 9. Position Control System.

w, = Motor shaft’s angular velocity




\ Force

e

T,=Fr

-+———— Pivot Point

Figure 10. Free Body Diagram of a Torque Applying End Effector.

The cquation of motion of the system may written as

K,
R,

0o = Ns(Js + ¢) e+

{ - kbwm + ka(oikpol _Ookpot)}] (232)

and represented in block diagram [orm as shown in Figure 12.
The transfer function of the system including a disturbance torque and keeping

0, constant can be written as follows

g, 1

_—=— ~ 2.33

'l'd o ] ,\.T ’\71\,,‘0’ ( )
NIs“ 4+ (cN + R kyN)s + k, R

Again using o, = Ns0,, the steady state response of the system to a disturbance

torque is:

20
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Figure 11. Free Body Diagram of Motor Shaft With Gear Box and Disturbance.

0, R

T4 - /(akPOIKT

(2.34)

An indication of the system stiflness can be seen when onc tries to turn the
output shaft of the system by hand. The system will show a resistancc to the hand,
opposite to the desired rotation. The resistance is caused by the voltage gencrated by
the output shaft’s potentiometer. As stated above, this voltage will be fed back to the
systemn as a negative signal, meaning that, the motor will generate a torquc opposite to
the torque applicd to the output shaft by the hand. The ratio of rotation to torquc,

given in cquation (2.35) is the stiflhess of the servo.

21
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Figure 12.

Position control system with disturbance.
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T4 _ kakmeT

o= R (2.35)
(e}

There are four values which may ‘help to change the system’s stiffness. These
can be seen in equation (2.35). In this equation only &, can be changed. As &, increases
stiffness of the svstem will be increasing. K; 4, R can not normally be changed, because
they are particular values which are fixed by the motor. Changing the value of 4, can
be considered, but it is not going to be a very good option, since this gain easily may
make the system unstable. For this reason, another way of changing the stilfness must

be considered.

B. COMPLIANCE CONTROL STRATEGY
1. Description of how stiffness may be changed:

Suppose that 1 Nm. disturbance is applied to a servo system and 1 rad. rotation
of the output shaft is observed. This means that the stiflness of the system is 1 Nm rad.
If a higher rotation is desired by applving the same torque, the stiflness of the system
will be lower. Namely, instead of 1 rad. of rotation, for example, 5 rad. of rotation is
observed. Therefore, the stiffness of the svstem will be 0.2 Nm rad.

To be able to control the amount of torque applied on the object after contact.
rotation of the output shaft must be controlled.

Since the voltage applisd to the motor causes the rotation of the output shaft,
by increasing the amount of voltage going to the summing junction before the motor,
rotation of the output shaft can be increased. This will cause additional rotation of the
output shaft for the same torque. Thercfore the stifflness will be decrcased. The new

block diagram of a svstem which has variable stiffness ability 1s presented in Tigure 13.
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Figure 13.

Position Control System With Disturbance Feedback.
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The measured disturbance torque is fed back to the summing junction before the
motor. By passing the measured torque through a variable gain E, we will be able to
control the amount of additional rotation of output shaft.

The new equation of motion of the system will be as follows

Ky X
00 = m [ -1y + — { —I\'bwm + ka(O,-/\‘po, —ookpoz - Tdm}] (2-.’())

R,

Keeping 6, constant, the following transfer function of the system can be ob-

tained.

ko
S0 _ Cp D (2.37)
td .2 . Ky Krhkpor -
NIs“ + (eN + R kyN)s + kg, R

Steady state output of the system, assuming &, = 1 will be

-.—\= _——— (2‘38)

where E isin volts:Nm.
2. Stiffness as a function of gain E.
To demonstrate the variable stiffness and compliance in a servo system , E and
7, are assumed to be positive in equations (2.36), (2.37), (2.38). Thus the following

equations were obtained as a transfer function of the system.

Kr
0, (E7+ 1
- : : (2.39)
Tq L . Ky - 1\7'/(p.91
NIs™ 4+ (N +Tl\,,;\)s+ka %
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6, Fxth

= . (2.40)
R

This is defined as the compliance of the system. The stiffness is the inverse of compliance

as shown in the following equation.

Ky
kpol R
Ay
ET +1

Tq
0,

2.41)

As can be seen in equations above, the only variable is E. Therefore by changing E, the
stiffness of the system may be changed.

-

By giving &, and —];-{— arbitrary valucs, the stiffness and the compliance curves
were plotted, as shown in Figure 14 and Figure 15. The compliance of the system will
be directly proportional to E. Since the stiffness of the system is the inverse of the
compliance, the stiflness of the system will be inversely proportional to E. At the same
time rotation of the output shaft will be directly proportional to E. The potentiometer
constant will determine the slope of the curve. As £, increases, the slope of the com-

pliance curve will be decreasing. When E is zero, the stiffness of the system will be

equal to it's natural stiffness or original stiffness.

C. EFFECT OF EFFICIENCY OF A GEAR TRAIN:

Another problem which has to be discussed, concerns the disturbance torque. Ac-
cording to the gear theory, as presented in equation (2.19¢c), the disturbance applied to
output shaft has to be divided by the gear ratio N to refer it to the motor shaft.

Efficiency of the gear train is another important effect which has to be addressed.

It is defined as the ratio of the output power to the input power, or the ratio of the work
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COMPLIANCE OF A SERVO MECHANISM
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E(VOLTS/NM)

Figure 14. Compliance Variation of a Servo System.

output to the work input over the same period of time. IFor an ideal mechanism, it will
be 100 % or 1. In reality, a normal gear train will dissipate some of the power which has

to be transmitted. EfTiciency can be written as:
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STIFINESS OFF A SERVO MECIHANISM
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Figure 15. Stiffness Variation of a Servo System.

power out

n= (2.42)

power in

In the case of the gear train, it has to be restated, because there is a gear train ratio.

The new cquation will be as following




actual output torque |
input torque N

y = (2.43)

The efficiency of transmission can be determined by measuring the resulting torque
on the output for static torques applied to the input shatft.

The efliciency of any mechanical device will become significant with robot end
effectors actuated by motors driving through high ratio gearboxes. It is no longer safe
to assume that the output loads are reflected to the input shaft by a function of the gear
ratio, since any efficiency less than 1 will increase the torque required to accelerate a
given inertial load or overcome an external torque. It is also important to notice that the
efficiency of the gear train does not affect the actual transfer ratio of the gears in terms
of displaccment, velocity or acceleration, but greatly affects any torque related property.
Efficiency is dependent on such factors as the coupling ratio, the material’s coeflicients
of friction, and the angle used to define the gear teeth or the depth of cut and type of
threads for screws.

Another interesting eflect of efficiency is on the gear train’s backdrivablity.
Backdrivablity is the ability of a gear train to transmit the torque or the disturbance
that has been applied on the output shaft side of the gear system, to the motor or to the
torque source as shown in Figure 16.

In general as the efficicncy goes higher, the backdrivablity will be higher, i.e the
system is more likely to be backdrivable. At the same time a gear trains efliciency may
be different for each side. For example in the case of worm gears, it will be zero for
transmission of the torque from the load to the motor. Sometimes this property is good
in robotics application, because it will help rejection of the disturbance torque, which

may be a gravitational or frictional torque.

29




\ 1
T = Ny
su::' E dircction of torgue
s
k2!
T
Az g
Shatt 2

Figure 16. Transition of the Disturbance Torque to the Motor.

At the same time, nonbackdrivablity will influence system stiflness, because the
transfer function of the system will change.

The new equation of motion of the system will be as follows

_ 1
0o = Ns(Js + c)

K .
[ RT { *kbwm + ka(olkpal —Ookpol + TdE)}J (2-44)
a

Keeping 6, constant, the following transfer function of the systcm can be obtained.

1K
Jo _ A (2.45)
Z ) Ky Krkror
NJIs®+ (eN + R kyN)s + kg, R

Steady state output of the system, assuming k, = 1 will be

0, E
= (2.46)

The stiffness of the system will be
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T4 rot 9
—_—— — 2.47

If positive feedback is used, the svstem stiflness will be positive infinite when E goes to
zero. As E  is increased, the stifiness of the svstem will decrease as shown in Figure 17
and Figure 18.

The effects mentioned above must be considered in our model in order to obtain
high accuracy. Therefore as one can sec from Figure 19, two new variables are added
to the svstem. These are:

K = Nonbackdriveability constant

N o= Efliciency of the gear train

Where, K = 0 (nonbackdriveable)

or K = 1 (backdriveable)
for backderiveable systems. Again keeping 6, constant, the new transfer function,

compliance and stifTness of the system will be as follows

K K
6 _ RN (2.48)
T4 .2 . A-T Kﬂ‘pox
NJIs“ 4 (e N + N kpN)s + kg, R
Ky yK
s _CERY (2.49)
T4 Kikpot
R
Kr
b gl K »
R Y
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Figure 17.  Stiffness Variation of a Servo System (nonhackdriveable).

The important conclusion drawn from the above discussion is that the system may
have a finite stiflness by using disturbance feedback through I even though the original

system was not backdriveable, corresponding to infinite suffness.
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Figure 18.

Compliance Variation of a Servo System (nonbackdriveable).
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Figure 19.

Position Control Systews Including Efficiency and Backdrivability.
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IlII. SYSTEM PARAMETER IDENTIFICATION

Electric motors used with end eflectors or robotic finger joints, are usually small
motors, hence, it is difficult to observe the variation in the compliance and the stiflness
of these kind of svstems. It is also difficult to measure certain parameters exper-
imentally, therefore, a larger servo svstem was used to observe and to prove compliance
theory.

A feedback ES151 educational servo system, together with suitable test equipment
was used to prove compliance and stiffness theory. This is a high quality electro-
mechanical servomechanism, consisting of three basic units: actuator unit, educational
servo unit and accessories and spare parts as shown in Figure 20.

The actuator unit is essentiallv a 24 v electric motor unit, a tachogenerator, gear
box, output disc and a potentiometer.

The educational servo unit is the control unit of the svstem. It contains all the nec-
essary power supplies for the system to operate. The main parts of this unit arc com-
mand input, control circuits, preamplifier, servo amplifier, schematic of the actuator
unit, current meter and on off switch as shown in Figure 21.

The ES151 educational system is built for standard position control. The block di-
agram of the general system as a standard position control system is shown in
Figure 22. As can be scen from the block diagram after, applying a voltage to the mo-
tor, an angular velocity of the motor shaft is obtained. Dividing motor shaft’s angular
velocity by the gear ratio, the output shaft angular velocity is obtained. Integration of
this angular velocity gives position of the output shaft. Voltage obtained by using an-
other potentiometer attached to the output shaft, fed back to the system as a negative

signal. The sum of two voltages gives an error voltage which drives the motor. Finally
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Figure 20.

Feedback ES151 Educational Servo System.
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Figure 21. Educational Servo Unit.

the output shaft angular displacement will be the same as input displacement introduced
to the system by using command input.
In the block diagram the following constants are used.
K,= Motor constant (rad,’sec/volt)
k.= Potentiometer constant (volt/rad)

k,= Back emf constant (volt/rad, scc)

T,,= Mechanical time constant (scc)




I_s+1

l‘m

pS”

Figure 22.

Block Diagram of Educational System As a Standard Position Control

system,
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k,= Control amplifier constant (forward path gain, servo amplifier gain)
k, = Power amplifier constant

The main difTerence between this diagram and the standard position control svstem
diagram, which was presented in chapter 2. ts &, This constant gain is added to the
svstem to increase the voltage going to the motor. It amplifies the potentiometer’s out-
put voltage and matching it to the DC motor. The procedure for finding these constants
experimentally is a standard laboratory exercise (ME 3802) and presented in appendix
A. Estimated values of these parameters are as follows

K, = 270 rad sec’volt ( when &, = 0.7)

k, =k, = 0.0022 volts rpm

k.= 5.7 volts rad.

T,=0.25 sec. (open loop time constant)

and O0<k, < 1.

As stated at the beginning of the chapter, the main reason for using this system is
to experimentally prove the compliance and stiffness theory previously discussed. The
block diagram for the ES151] system is somewhat different from that used in the devel-
opment of the theory of variable compliance - see Figure 22 and Figure 23. For this
reason, conversion of the identified parameters to those necessary to determine the
stiffness are necessary. The following equations indicate the equivalence of the parame-
ters. As can be seen {rom the figures, a new variable 4, is added to the both systems,
in order to match educational systems block diagram with position control systems

block diagram.

KT
RC I\’v
= 3.1
l+%s V+ 7,5

Therefore,
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Figure 23.

Block Diagram of Position Control System.
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K;= Motor torque constant (Nm'Amp)
R = Resistance (ohm)

J

I

Total inertia (Nm sec**2/rad)

¢ = Total damping (N\Nm sec:rad)

In equation (3.1) and (3.2), the value of T,, and K, are known. Therefore, the value
of ¢ can be found after finding the value of J. The value of J may be found by performing
a torsional pendulum experiment.

1. Torsional pendulum experiment:

This experiment requires a collet, a piece of wire with known modulus of ri-
gidity and a stop watch. The armature of the motor is taken out and attached to the wire
by way of the collet. Then the wire is attached to a (ixed support where armature’s free

movement can be observed, as shown in Figure 24. A half twist is given to the armature

and allowed to oscillate frecly. The equation of motion of the system will be as follows

JO+K6=0 (2.

tsd
[9e)
-

J = Moment of inertia of the armature.
K = Torsional stiffness of the wire.

The angular frequency of the system will be as follows

w= \/%— (3.4)

@ = Angular frequency of the system.
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Then, J=—.
w
To find the angular frequency of the svstem, time was recorded for ten oscil-
lation of the armature. Dividing the time by number of oscillation gave the period of the
motion in sec cycle. Then. it was converted into angular frequency in rad’'sec. The

stiffness of the wire was calculated by using following formulas.
7. — —— A
T = 3.5

G?‘[/?u
320

G = Modulus of rigidity.

Where [ =

1 = Length of the wire.
d = Diameter of the wire.
T = Torque.
The measured dimensions and properties of the wire were:
d = 254E-dml= 0.61595m
G = 40 Gpa.
The following results were obtained:
T

o= 1.23%adlsec & K = v 2.63E — SNmj/rad.

So, J = 1.726E — § -NSeC
rad

Since, J is now known, the value of ¢ can be calculated by using following
equation.

J 1.726F — & Nmi sec
= > = 6.9F — § <M seC 5
T, 0.25 6.9E =3 rad. (3-3)

K
After finding the value of c, the only unknown will be (TT)' This value may be

found by performing a specd-torque experiment.
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Figure 24. Torsional Pendulum.

2. Speed-Torque Experiment:
When a constant voltage is applied to the motor terminals, the motor shaft will
accelerate and attain a final steady state velocity. This may be explained mathematically
by using open loop block diagram of the position control system in Figure 28.

The equation of motion of the system will be as follows

- 1
Js+c¢

T, K
O =5+ kel Vi = kyo)] (3.6)

Steady state response of the system into a step input as disturbance with con-

stant F, will be
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Figure 25.

Open Loop Speed Control System.
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Kk k,
-T -
w, =L ;T, J+[V,Lk] (3.7)
N+ Rb ) c+KTTb
Ed k
Assuming Rik, >c
R
-T k_k
. wp, =1L < J+[r—==] (3.8)
. Kok, Ky
() ———R )

In equation (3.8) the value of 7,<0 and F, = a constant. This equation is

an equation of a straight line, which may be written as

Y=—-mY+C (3.9)

Here, m is the slope of the curve and is equal to (—-]—k).
Nk,-Ri

k k,
C equals to ( l"',.—-’l:-—). The only variable in equation (3.8) is r, Since the value of 7,< 0,
b

this curve will have a negative slope. When a constant ¥, applied to the terminals of the

motor without a braking or disturbance torque, w, without load will be obtained and is

k,
known as the no-load speed. This point willbe X = 0 & Y = V,-;\.—. When the
b

braking or disturbance torque applies enough torque to stop the motor, (-mX) will
equal to C. This point will be Y=0 & X =1, on the curve and is known as the stall

torque of the motor. This curve is shown in Iigure 26. Since two points are known, the

line can be drawn. To get necessary data, the following procedure may be carried out.
1. Establish a constant voltage, V',
2. Calculate the value of £,&k,.

3. From no-load spced calculate £,
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4. From slope calculate —[{—

However. the braking torque can not be applied directly to the output shaft in
the educational svstem, because of the gear box has a worm gear in it. As discussed in
chapter 2, this means that system is nonbackdriveable and the motor can not be stopped
by applying the braking torque directly to the output shaft. That’s why, the braking
torque is applied to the motor shalt, so the value of N* becomes | and the specd torque
test is performed on the motor shaft, rather than on the output shaft.

After establishing a constant angular velocity, ¥’ was measured and found to
be 0.43 volts.

Before applying the voltage to the dc motor there are two amplifiers. As stated
above these are controller amplifier and power amplifier as shown in Figure 27. To find

k,, V,and }’ voltages are measured. }”he ratio of these two voltages, namely —,— gives
k,. After measuring V,. the ratio of-,—,."'- will give &,

¢

m
Wy,
input voltage to the motor and wy, is angular velocity of the motor shaft under no-load

From the ratio of ( ), the value of &, may be calculated. Where, V_ is the

conditions.

Braking torque is applied to the motor shaft by attaching a torque Iever arm to
the motor shaft. A scale was put under this arm to measure the braking torque applicd
to the motor shaft. When the angular velocity of the motor shaft was zero, the scale
showed 40 grams. The braking torque was found to be

1= WL (3.10)

Where, W = (40, 1000)kg * (9.81 ?:—;2—)= 0.3924 N (lifted weight) and L = 0.224
m.(length of the arm). After multiplying W by L, the value of t, was found. Then, the
value of 7, and wy, were plotted on the speed torque diagram. The results of the exper-
iment may be summarized as follows

Measured data:

V.= 0.43 voits

V. = 0.206 volts

I, = 8.45 volts

Derived data:

k, = (0.206.0.43)=0.48
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Figure 26.

Specd-Torque Curve.

k, = (8.45/0.200)= 4l
k, = (8.45:5041)volts/rpm=1.67L-3(volts/rpm)

Iience finally

K,

L = —— = 0.0} Nm/volts
mk,

The experimental specd/torque curve for the motor is shown in Figure 28.

R
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Figure 27. Power and Control Amplifier Block Diagram

Now that all parameters in the block diagram in Figure 23 have been identified,

the system may be simulated in order to observe its stcady state and transicnt response.
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Figure 28.  Experimental Speed-Torque Curve.
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1V. COMPUTER SIMULATIONS

Before performing experiments on the model, variation of the stiffness and com-
pliance were observed by simulating the svstem with the MATRIY, package program.
Also, the system response to diflerent Kinds of inputs and the resulting transient re-
sponse were observed.

As stated in Chapter 111, the ES15] educational system has a worm gear in the
gearbox, therefore the natural stiffness of the system was infinite. This means that. ro-
tating the output shaft by using a disturbance torque, without feedback from the dis-
turbance torque, was impossible. But this does not mean that motor shaft also has

infinite stiffness. The following equations may give a better view of this situation.

K, = GL = on, (4.1
o
since, 8, =0
However,
K, = T;' # on (4.2)

and therefore it is A, which will be simulated.
K, = system output stiffness.

motor shaft stifiness.

e
3
i

0., = motor shaft angular displacement.
0, = output shaft angular displacement.
Since, the disturbance torque is applied directly to the motor shaft, the gear ratio,

the efficiency and backderiveablity constant will all be unity. The system block diagram
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with gear ratio equals to one, including the parameters found in Chapter 111, without
fecdback from the disturbance torque is shown in Figure 29.
As can be seen from the block diagram. a step disturbance was applie directly to the
motor shaft. and 8, 1s assumed to be¢ constant.
The svstemn step response is shown in Figure 30 (& < 1), Figure 31 (( > 1). and 1s
seen to be that of a second order svstem.
Using the following formulas system characteristics may be found in terms of :
P.O.= Percent overshoot
T, = Peak time
¢ = Damping ratio

T, = Scttling time.

Iy=—— (4.3)
pl
wyy 1 =27
P.O.= 100e—w—’_? , (4.4)
T, = % . 4.5)
=%

The transfer function of the system including the disturbance torque, &, and keeping

0, constant can be written as follows

0, 1
— = 4.6
Ty 5 Ky . Kﬂ\;-nr ()
NIs“" 4 (e V + = ke N)s + kakp R
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Figure 29.

The Block Diagram of the Model With Unity Gear Ratio and Without

Feedback From the Disturbance Torque.
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Figure 30. Step Response of the Motor Shaft, { < 1.

Again using w,, = Ns0,, the steady state response of the system to a disturbance

torque is:

8, R
T kekpkpoKT @7
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Figure 31. Step Response of the Motor Shaft, £ > 1 .

So, the stiffness of the system will be

g kakpkonKr

- 6, R
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Equation (4.6) may be approximated into the form of a regular second order transfer

function. i.e.

2
w,

st + 2w,s+ (uf, ' (49)

To be able to get an ideal transient response, the damping ratio of the system must

be adjusted. Having a P.O. close to 0 will provide the ideal transient response. For this
reason, ¢ or w, (natural frequency of the system) must be changed. The only variable
in the system which can be effective in optimizing these values is &, As can be seen in
equation (4.6), this value also effects the stiffness. To be able to obtain the optimum
gain of &, for ideal transient response and obscrve it is effect on the stiffness, the system
was simulated with difTerent values of k,. It was observed that when 0.87 < k, < 0.91, the
system had the ideal transient response as shown in Figure 31. The system responsc is
presented in the form of compliance and as can be secn [rom the figure the steady state
response of the svstem was as predicted in equation (4.7). But, it must be noticed that
simulation gives us the compliance as measured at the output shaft, not the motor shalt,
therefore, the result must be multiplied by the gear ratio which is 30 in this case. The

inverse of this value gives the stiffness of the motor shaft.

0"1 - - ;\.R

Ta Kok pkpor KT

(4.10)

where, 8, =6\,
Before designing and putting together the necessary experimental system, the effect
of the gain E on the system transient response must be determined, therefore, the torque
feedback as presented in the theory scction was added to the system. After adding this

feedback, the system stiffness may be changed from infinity to a finite value. Since, the
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system is nonbackdiriveable, K is equal to zero. The complete system, with E=1 and
K=0is as shown in Figure 32.

The system was simulated by varving the gain E. It was observed that adding the
torque feedback and changing the values of the gain E did not effect the transient re-
sponsc of the system. It was also obscrved that the variation of stiflness and the com-
pliance was as predicted earlier in the theory section. To be able to observe the eflect
of backdriveablity, the system was simulated with K=1 and efficiency equals to 0.95.
These did not effect the transient response of the svstem either,

As a result, by changing the value of 4, system transient response can be adjusted
and ideal value found to be 0.89. Adding the gain [, K, 5 to the svstem did not effect
the transient response. The steady state response of the system also agreed with that
predicted. It is concluded therefore that the system transient response and stifiness are
independent, as may be shown from the complete transfer function (6, = constant) for the

svstem in Figure 32.

Ky
0, B 7
NIst+(eN + T’ kyN)s + k, ——7{4
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Experimental Position Control System With E=1 & K=0.

Figure 32,




V. EXPERIMENTAL STIFFNESS CONTROL

A. NATURAL STIFFNESS OF THE SYSTEM

As presented in the preceding chapters, every position control system has its own
natural stiffness. One can feel the stiffness of the system when the output shaft is ro-
tated. When we tried to rotate the output shaft of the educational system, it was ob-
served that neither the output shaft nor the motor shaft rotated. Therefore, it was
observed that the stiflness of the educational system was infinite. But when we tried to
rotate the motor shaft, we felt the stiffness of the shaft. The stiffness felt at the motor
shalt was very small, Thercfore, it was not possible to measure it by attaching a lever
arm to the shaft directly. The stiffness was not even enough to lift the weight of the lever
arm. On the other hand it was enough to stretch a thin regular rubber band. Therefore,

the stiffness of a DC motor shaft may be found by using a low force rubber band as a

spring.

B. STIFENESS TEST

IFor this experiment, a regular rubber band, a protractor, a ruler and two differcnt
weight units were used. The rubber band was attached to a fixed support where diflerent
weights can be applied. Then 0.25 1b.(0.1134 kg) unit applied to the band. Extended
length of the band was measured and it was observed to be 4.8 in. (0.12192 m). When
0.50 Ib. (0.2268 kg)was applied, the amount of stretch was 6.8 in. (0.17272 m). The
stiffness curve (weight vs amount of stretch) was plotted by using these two measure-
ment. The best fitting curve’s slope gave the stiflness of the rubber band. The stifIness
curve of the band is shown in Figure 33. Since, the stiffness of the rubber band is
known, the amount of force applicd by using this band may be found from the stiffncss

curve of the band or by using the following formula.
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m

F=KY (5.1)

Where, K = The stiflness of the band (the slope of the stiffness curve) and

X = Amount of stretch of the band.

If the applied force is known, torque may be found by multiplving the force by the

moment arnu.

t=TL (5.2)

Where, L = Moment arm.

The protractor with a small screw on it was mounted to the motor shaft. The rubber
band attached to the screw and stretched ensuring there was 90 degrees of angle be-
tween the rubber band and the moment arm as shown in Figure 34. Then, the amount
of stretch in the rubber band length and the rotation of the shaft was measured. The
following results were obtained:

X = 5in. (0.127 m), rubber band extension.
L = L.75in (0.0445 m), moment arm.
0, = 80 degrees (1.4 radian), measured rotation of the motor shaft.

= 1.226 N\ (from the curve using § in. extension), applied force. Then,
7= 1.226N x 0.0445m = 0.055\m. (5.3)
So, the stifTness of the syvstem was

T 0055 Nm . N
— 3 = (.09 ~— 5.4
0, 1.4 rad 039 rad. (5-4)
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Figure 33. The Stiffness Curve of the Rubber Band.

After the stiflness of the motor shaft was found, theoretical value of stiflness was
calculated using the folloving equations.
The stilTness of the system, keeping 0, constant, with A" =1 and using equation

(4.6), may be written as

60



1ubber band
stictch position

0.127 m, /__I screw

P protractor

I L=0.0445 4y,
RN ON
ﬁ[,

the motor shaft

Figure 34.  Application of the Rubber Band to the Motor Shaft.

kb ko K
li__ aplpor™vT
9, R (5-5)

0 . .
Where, 0, = -‘T'" Then the stiflness of the motor shaft will be

k k. k., K
T4 _ _ _a%r"por T
0, RN (5.6)

0, = Angular displacement of the motor shaft.
The mecasured valucs weie

k, = 0.48

e
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i;{_f. = 0.01 (Nm ' volt)
k, = 41

N = 30

k =57 volls

pot

rad
So, the stiffness will be

T4 - 0.48 x 41 x 0.01 x 5.7

- » =0.03724 (5.7)
m

hY
rad
When equation (5.7) and (5.4) were compared, it was observed that the percentage
error was 5.4 %. So, it was concluded that the theorctical value of the natural stifIness
of the motor shaft matched with the one found by performing the rubber band test.
After finding the stiffness of the motor shaft, the variation of the stifIness of the
system with the feedback gain E, may be observed and compared with the theory. The

stiffness variation experiment may be performed to observe the variation of the stifTness.

C. STIFFNESS VARIATION EXPERIMENT

The disturbance feedback system was designed by using an aluminum lever arm, two
strain gages, an amplifier, a protractor, a voltmeter and weight units.

Two strain gages were mounted on the site which is the closest point on the beam,
to the output shaft, so as to be able to measure maximum strain. Also one strain gage
was mounted top side and the other was mounted on the other side of the beam to be
able to get maximum voltage as shown in Figure 35.

The beam was mounted on the output shaft as shown in Figure 35. The voltage
obtained from two strain gages was fed back to system through an amplifier. The
voltmeter was connected to the system to be able to measure and observe the value of
the gain E. The amplifier provided us the abilitv to vary the gain E. The protractor was

mounted on the motor shaft as in the rubber band test. The value of the gain E was
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Figure 35. The Stiffness Variation Test.
changed by using the amplifier. After setting up the amplifier for certain values of the

gain E, the beam was loaded with the weights as shown in Figure 35. Again the multi-

plication of the weight by the moment arm as prescnted in equation (5.3) gave the ap-

63




plied disturbance tcrque. The disturbance torque was calculated for two different
weights. One set of data may be obtained by using the following method.

The gain E was adjusted to be 2 (volts Nm). The beam was loaded first with 0.25
16.(0.1134 kg), then with 0.50 1b. (0.2268 kg) respectively. FFor each load the rotation of
the motor shaft recorded. As can be noticed , the rotation was recorded for the motor
shaft, not for the output shaft, because, it was easier to measure the rotation at this
point. Then the applied disturbance torque was plotted against the rotation of the motor
shaft for the two measurements as shown in Figure 36. The slope of the straight linc
gave us the stiffness of the system at the motor shaft. Afier obtaining necessary meas-

urements, the stiffness of the motor shaft is converted to the stiffness of the system by

using following formulas.

The procedure may be summarized as follows.

Table 1. EXPERIMENTAL DATA.

(5.8)

Load Torque, , Motor Shaft Rotation, 0, Strain gauge voltage.
0.228 Nm 3.157 rad. 0.456 volt.
0.456 Nm 6.6667 rad. 0.912 volt.

As can be seen above

E= 0.456volt _ , volis

T0.228Nm T Nm
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Figure 36.  The Stiffness Curve.

and from the plot the slope was 6.6366 E-2 (Nm / rad). The stiffness of the motor shaft

was

T4 Nt
5, = 0-6360E ~ 2 30 =205 % (5.10)

The above procedure was repeated for several values of E, and the corresponding

stiffness determined. The results are summarized in table 2.
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Table 2. EXPERIMENTAL RESULTS.

E(volt/Nm) Stiffness (Nm/rad)
0.045 6.15
0.12 5.625
1.37 299
2 2.05
3 1.19
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V1. ADAPTATION OF STIFFNESS CONTROL TO FINGER SYSTENM.

We have proven experimentally that we can vary the stiffness of a position control
svstem by means of the torque feedback. We now apply this concept to our original goal
of attempting to vary the stiflness of a single finger joint of a robotic hand . The problem
is exactly the same as the one previously described, except that the motor characteristics
are different and the motor used in the joint is smaller. Therefore, we may control the
finger joint by using the same methodology used in the preceding chapters. The motor
used in this research and its characteristics are shown in Figure 37. Some of the pa-
rameters may be obtain from the catalogue [Ref. 1]. These are :

K; = 32mNm A (0.453 oz-in‘A)

R = 26 ohm

J = 003 E-7kgm?
7, = 7 msec.

n = 0.6

N =362

10 volts may be considered as a typical voltage that can be applied to a motor in a

finger joint. If the potentiometer has 270 degrees of scale, then

_ 10 volts volts _ _ volts
kpor = 270 degrees = 0037 degrees =211 rad (6.1)

The value of £, may be found from the following equation:

J
Ak
c+—7-—h-

R

T, = (6.2)
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Figure 37. M915L61 Electric Motor.

We can derive the following equation from equation (3.6), (3.7), (3.8).

RJ
Tn= i (6.3)
Then,
RJ
ky = —5—. 6.3b
b rmI\T ( )

All values in equation (6.3b) can be obtained from the catalogue. So,
- __ q volts scc
k,=3.48E-3 ad
Since, spur gears were uscd in the system, the system will be backdriveable. There-
fore, K = |.

After finding the necessary parameters, we can simulate the system. The block dia-

gram of the system is shown in [Figure 38. The only diflerence of this system from the
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educational servo system is &,. We don't need this gain in the finger joint system, because

enough voltage can be supplied to the motor directly, but %, can be used in the finger
svstem to obtain desired close loop time constant. To be able to obtain an ideal transient
response without overshoot the forward paih gain must be 0 < k, < 106. The natural
stiflness of the svstem, where &, = 1 will be

Kr

R “r  \23E-4x211 1 rad _ A
M 0.0016572 T 6.385 Am =0.157 rad (6.4)

T

4
90

In equation (6.4) the value of the natural stiflness of the system is also given as the in-
verse of the compliance, because again our simulation plot was the system compliance
vs time. As can be seen from Figure 39, the system has no overshoot. Therefore, the
system has ideal response and it is suitable for our goal. The system was also simulated
for different values of the gain E and it was observed that the gain E doesn’t effect the
transient response of the system as expected. The stiflness variation of the svstem is
presented in Figure 40.

To be able to adapt the position control svstem presented above to the finger sys-
tem, the M915L61 electric motor was installed inside a brass case before the finger joint
as shown in Figure 41 and an aluminum beam was used as a torque measurement sys-
tem.

One of the most important parameter which will decide the dimensions of the beam
for the finger tip was the length and the width of the strain gages. The total length was
therefore determined to 1.5 cm (0.59 in). and the width was 0.3 cm (0.118 in). Two strain
gauges for each side, a total four strain gauges were mounted on the beam to get maxi-

mum voltage. The width of the beam was decided to be 0.95 cm ( 0.375 in). The maxi-
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The Finger Joint Simulation, k&, = 3 , E=0 (without torque feedback)

mum force can be applied to the beam was considered to be 10 Ibf or 44.48 N. Therefore,

using the following formula, the deflection of the bcam may be obtained.

_ F
Jmax = 3 E ]

71
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Figure 40.  Variation of the Stiffness in the Finger Joint System.

Where,
FYmex = Maximum deflection of the beam
FF = Applied force

I = Working distance of the beam, 2.54 cm. (1 in)
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Figure 41,  The Finger Joint System.

E = Modulas of elasticity, for aluminum, 71 Gpa.
I = Moment of inertia, 3.167 E-4 cnt.

b
h

Width of the beam, 0.95 cm (0.375 in)
= Thickness of the beam, 0.159 cm. (0.0625 in)

A plot of deflection of the beam for different forces is presented in Figure 42.

As can be scen {rom the Figure 41, the finger tip is only attached to the beam and
not to the finger case, thercfore it is frce to move. When the disturbance torque is ap-
plied to the finger via finger tip, the beam to which the tip is attached will be deflected.
So, by feeding back the voltage obtained from the strain gauges to the system, the

stilfness of the system may be changed as presented in preceding chapters.
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Vll. DISCUSSION

A. MODELING OF THE SYSTEM:

The main goal of this research was to be able to control the amount of torque ap-
plied to an object by a robotic finger which was actuated by a small electric motor
through a gearbox. The torque applied on an object by the finger can be changed by
varying the stiffness of the servomechanism installed into the finger. The stiffness vari-
ation ability can be provided to the system by feeding back the disturbance torque
measured from the object to the system through a variable gain E.

Since we arc mainly interested in controlling the torque, the efficiency and the
backdriveabilty of the gearbox used in the system must be taken into account when
modeling the system. As the efficiency increases the backdriveablity will be higher, i.e
the system will be more likely to be backdriveable. It is also important to notice that the
efficiency of the gear train does not eflect the actual transfer ratio of the gears in terms
of displacement, velocity or acceleration, but greatly cffects anv torque related property.

Different types of gearboxes can be used in a servomechanism. Gearboxes with high
gear ratios can be used to increase the torque applied by the output shaft. Gearboxes
with high gear ratios will help disturbance rejection. The eflects discussed above must
be added to the system block diagram to obtain an accurate model of the system in order

to control the torque applied on the object.

B. VARIABLE STIFFNESS CONTROL:

After adding torque feedback to system, the stiffness of the system will be a func-
tion of the gain E and the system will have its natural stiffness when the gain L is equal
to zero. In the nonbackdriveable case, the natural stiffness of the system will be infinite,

but this does not mean that the motor shaft stiffness will be infinite also. As the gain I




increases, the stiffness of the svstem will decrease as shown in Figure 43. As the gain
E increases, the stiflness decreases, the amount of rotation of the output shaft for the
same amount of the disturbance torque measured, will be directly proportional to the
gain E. Namely, to be able to obtain a higher rotation for the same amount of the dis-
turbance torque, the gain E must be increased.

The variation of the stiffness in a servomechanism was also proved experimentally
on a larger model. As can be scen in Figure 43, the variation of the stiflness of the sys-
tem measured experimentally has the same characteristics as predicted theoretically. FFor
different values of L, the stiflness of the svstem measured experimentally was lower than
the ones predicted theoretically. The main reason of this may be the nonlinearity that
exist in DC motors. Since we are mainly interested in the stiffness variation, the exper-
imental data proves that our prediction is correct, and that a variable stiffness servo
syvstem can be constructed.

As presented before, the stiffness of the educational system was infinite, namely it
was not possible to rotate the output shaft or the motor shaft by applying a disturbance
torque to it due to the nonbackdriveablity of the gearbox. After adding the torque
feedback, it was possible to achieve different stiffness by varying the value of the gain
E. Therefore, it is still possible to vary the stiffncss of the system even when it is
nonbackdriveable.

Another parameter which eflects the magnitude of the natural stiffness in a servo
system is &, ( forward path gain). As k, increases the natural stiflness of the system will
increase. We didn’t consider using &, for changing the stiffness of the system because for
certain values of k,, the system may become unstable. Since, ., also effects the transient
response of the system, after finding the values of &, which will give the desired transient
response without overshoot, by keeping the magnitude of &, in defined limits, the time

constant of the system can be changed to a certain value. It was also observed that
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adding the torque fecdback to the system will not effect the transient response of the

system.

Comparison of Theoretical and Experimental Stiffness Variation
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C. APPLICATION TO ROBOTIC FINGER SYSTEM:

Adaptation of the theory of variable stiflness to the finger joint was another im-
portant part of the research. Since the finger joint is not a large end effector, the design
of the torque measurement system must have certain size constraints. lHowever, the
problem was exactly the same as the one described in the large model analvsis. There-
fore, by using the same block diagram and obtaining certain parameters from the catalog
and from related equations, the variable stiffness system can be adapted to a robotic
finger joint.

One of the main differences between the model used for experiments and the finger
system was the dimensions of the beam. The beam, on which the strain gauges were
mounted required careful design. Since a small beam was used in the design, to be able
to get higher voltage, four small strain gauges were uscd. The size of the strain gauges
was cne of the main parameters which has an important cflect on the design of the

beam.
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VIII. CONCLUSIONS

1. The torque applied by an end efTector to an object can be controlled by changing
the stiflness of the servomechanism.

2. Certain parameters must be added to the system block diagram to obtain an ac-
curate model of the system in order to control the torque applied on the object.

3. After adding the torque feedback to the system, the stiffness of the system will
be a function of the feedback gain, while adding the torque feedback does not effect the
system transient response.

4. Even if the gearbox is nonbackdriveable, variable stiffness control of the
scrvomechanism is possible.

5. The variable stiffness concept may be easily applied to the design of a robotic

finger tip.
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APPENDIX A. ME3802 LABORATORY EXPERIMENT 2 DC SERVO
SYSTEM-SPEED CONTROL

A. OBIJECTIVES

The purpose of this experiment is to:

1. Become familiar with the components of an electro-mechanical speed control
system

2. Use basic measurement equipment to perform experiments

3. Measure the transfer functions of the components of the speed control svstem

4. Perform a close loop speed control test of the svstem

B. EQUIPMENT:
For this experiment.vou will need the following equipment
1.Feedback cducational servo system type ES151
2.Dual trace oscilloscope
3.Digital voltmeter
4.Chart recorder
5.A stop watch
6.Miscellaneous leads, wires and connectors
Examine and familiarize yoursclf with the equipment, and determine how to operate

and connect the various pieces together.

C. METHOD

1. Compare the close loop feedback control system shown in Figure 44 and
Figure 45 with the schematic shown on the front panel of the servo svstem,
Figure 46. Figure 44 shows the complete schematic, while Figure 45 shows only those
parts that will be used in the experiment 2. Be sure to identify the correspondence be-
tween all elements in both systems. Note the availability of certain system signals at the
bottom of the front pancl.

2. The first part of the experiment deals with the identification of the various pa-
rameters shown in Figure 45. Connect the system as shown in Figure 47, making sure
the INTERNAL COMPLENSATION switch is IN. Switch on, set input potentiometer
0, to zero and use the SERVO AMPLIFIER and OPERATIONAL AMPLIFIER SET
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Figure 44.  Position Control System Block Diagram

ZERQO controls to achieve no motor rotation with minimum motor current shown on the
pancl meter. Cnsure that the FEEDBACK SELECTOR switch is fully anti-clockwise.

1. Tachomcter Constant £,

In this test, the output voltage from the tachometer is recorded for various specds.
The slope of the linc of voltage plotted against speed then gives the tachometer constant
in volts, RPM. Conncct the system as shown in I'igurc 47, and sct Pl to | and P2 to L.
With the digital volt meter connected as shown, turn the input potentiometer to obtain
constant specd of rotation of the motor. Using a stop watch, record the time for a given
number of revelations (say 25). Note that the tachometer is mounted on the motor
shalt, before the 30:1 gearbox driving the output potentiometer. Take this in to account
when calculating the speed of the tachometer shalt. Change the setting of input
potentiometer and repeat the test to obtain a total of five readings. Plot voltage against
speed, draw the best straight line you can and calculate the slope. ‘The expected result

should be about 0.00245 volts, RI’M.
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Figure 45. Open Loop Speed Control Block Diagram

4. Potentiometer Constant k,,,

Connect the apparatus as shown in Figure 48, noting that the system is open loop.
In this test we will determine the potentiometer constant i.e. the relationship between the
angular rotation of the potentiometer and the resulting voltage generated. Note that
both input and output potentiometers are identical. Set the input potentiometer to point
to zero degrees and record the error voltage. Rotate the input potentiometer from zero
to 120 degrees in 20 degrec steps. For each step record the voltage and subtract the
voltage corresponding to zero degree position. Plot voltage against angular position and
from the slope of the best straight line that fits the data determine k,,,. The expected re-
sult should be in the region of 5.7 volt/radian.

5. Motor & Secrvo Gain K,

This parameter is defined as the ratio of the output speed of the motor divided by
the input voltage to the servo amplifier. Connect the system as shown in Figure 49, with

P2 set to 0.7, and use the input potentiomcter to establish a constant speed of the motor
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shaft. Use the digital voltmeter to measure the input voltage to the servo amplifier and
record this value. Determine the motor speed by connecting the digital voltmeter to the
VELOCITY socket. record the voltage and use the previously calculated value of
tachometer constant A, to calculate the speed of the motor. Adjust the input
potentiometer to give a different speed and repeat the test for five data points. Plot
motor speed against input voltage and from the best straight line through the data points
determine K. The expected value is about 270 radians | sec per volt.

6.Motor Time Constant 7,

In this test, the system is connected as an open loop speed control system, as shown
in, Figure 350 subject to a step input. The step input is obtained from a function gener-
ator which should be set to provide a square wave output with a frequency of about 0.1
Hz, corresponding to a step input every 5 seconds. Set P2 to 0.2. To avoid using exces-
sive record paper, usc the oscilloscope to observe the output speed and to qualitatively
verify the response. The output should look similar to that shown in Figure 5I. The
purpose of the experiment is to dctermine the time constant of the exponential increase
in motor speed in response to the step change in demanded speed. Once a trace similar
to that shown in Figure 51 is observed, obtain a copy on the chart recorder by switch-
ing it on, adjusting the sensitivity, and recording a few input responses. Make a note of
the time base for the chart recorder. The time constant is calculated by determining the
time taken for the system to achieve 63% of the demanded output, as shown in
Figure 52. Mcasure the time constant from at least 3 response curve and calculate the
average value. The expected time constant is T, = 0.25seconds.

7. Connect the svstem as a close loop feedback control system as shown in
Figure 33. Set Pl to 1. All parameters shown in Figure 44 on page 81 are now known
except for the gain 4,. For the servo system this gain is actually the product of the op-
erational amplifier gain and the value of the potentiometer P2. Note that P2, being a
potentiometer, is actually an attenuator and hence its gain components must be less than
unity. When socket B is connected to socket E, the gain of the operational amplifier is
1, while connecting B to F reduces the gain to 0.1. Set P2 to 1 and perform a close loop
step response as described in the previous section for the open loop. Obscrve the results
on the oscilloscope, and make a sample chart recording output to determine the time
constant the closed loop system. By analyzing the close loop transfer function together
with the experimental values obtained, calculate a theoretical time constant for the close

loop step response, and compare it with the mcasured values.
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Figure 50. Equipment Configuration
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